Introduction
============

Influenza is one of the most common contagious illnesses suffered worldwide and is usually caused by influenza virus A (IVA), influenza virus B (IVB) and influenza virus C (IVC) ([@b1-mmr-20-06-5041]). Among these viruses, influenza virus A is the predominant causative agent of the seasonal flu, which may give rise to pandemic outbreaks and bring about human adversity ([@b2-mmr-20-06-5041],[@b3-mmr-20-06-5041]). IVA infections always trigger a type I interferon (IFN) response (IFN-α/IFN-β) which plays an important role in the suppression of influenza infection ([@b4-mmr-20-06-5041]). Specially, TNF receptor-associated factor 6 (TRAF6), a pivotal mediator in the IFN production signaling pathway, has been reported to be involved in many viral infections. It is also reported that overexpression of TRAF6 may suppress the replication of IVA during IVA infection ([@b5-mmr-20-06-5041]). However, current available vaccines or anti-IVA chemotherapeutics are consistently inefficient, largely due to antigenic drift in influenza virus A and the rapid emergence of drug-resistant strains ([@b6-mmr-20-06-5041],[@b7-mmr-20-06-5041]). Hence, the underlying molecular details of IVA infection should be clearly resolved to identify new targets for the development of efficient anti-IVA agents, which may reduce the likelihood of drug resistance.

MicroRNAs (miRNAs or miRs) are a class of small non-coding RNA molecules, approximately 21--25 nucleotides in length, which can bind to the 3′untranslated (3′-UTR) homology region of target messenger RNAs (mRNAs) and block translation or promote degradation of mRNAs ([@b8-mmr-20-06-5041]). Previous studies have demonstrated that host miRNAs are extensively involved in innate and adoptive immune responses and host-antipathogen reactions, mainly by targeting vital components in the host immune system ([@b9-mmr-20-06-5041]--[@b11-mmr-20-06-5041]). It has been documented that dysregulation of miRNAs, suppression of type I IFN production and subsequent inactivation of the JAK-STAT pathway are commonly observed during infections of various types of viruses, such as hepatitis C virus (HCV) and human immunodeficiency virus (HIV) ([@b12-mmr-20-06-5041]--[@b14-mmr-20-06-5041]). As with influenza, infection with influenza virus, including IVA, usually leads to modulation of miRNA profiles (e.g. miR-146a and miR-155) and suppression of type I IFN response of host cell ([@b15-mmr-20-06-5041]--[@b18-mmr-20-06-5041]). Notably, those miRNAs and host gene products, which are involved in virus replication, provide new targets for anti-IVA drugs and may reduce the likelihood of drug resistance.

Baicalin, a flavonoid isolated from Radix Scutellaria, has been reported to exhibit certain pharmacological properties, including anti-inflammatory, antitumor and anti-IVA properties ([@b19-mmr-20-06-5041]--[@b22-mmr-20-06-5041]). Recently, a series of studies have demonstrated that baicalin possesses inhibitory effects on various strains of IVA, including H1N1 and H3N2 ([@b23-mmr-20-06-5041]--[@b25-mmr-20-06-5041]). However, the underlying detailed molecular mechanisms of the efficacy of baicalin against influenza A virus are still not fully understood. There are an increasing number of studies that have demonstrated that traditional Chinese medicine exerts antiviral effects by modulating miRNAs in host cells ([@b26-mmr-20-06-5041],[@b27-mmr-20-06-5041]). It has also been demonstrated that baicalin actively participates in complicated cellular regulatory processes by targeting miRNAs in cells ([@b28-mmr-20-06-5041]--[@b30-mmr-20-06-5041]). Hence, it is reasonable to hypothesize that the anti-IVA functions of baicalin are achieved by manipulation of miRNAs.

In the present study, it was initially demonstrated that baicalin acts as an inhibitor of H1N1 and H3N2 by suppressing miR-146a, which is usually upregulated in influenza infection and negatively regulates the type I IFN response via directly targeting TRAF6. Moreover, it was found that baicalin protected mice during H1N1 infection via suppression of miR-146a. Our finding supports a new link between miRNAs and baicalin in IVA infection and could provide a novel potential anti-IVA therapeutic target.

Materials and methods
=====================

### Drugs

Baicalin was purchased from Shanghai YuanYe Biotechnology Co. Ltd. Baicalin was diluted in DMSO and stored at 4°C.

### Cells and transfection

Human lung adenocarcinoma A549 (ATCC^®^ CCL-185™) cells were obtained from the American Type Culture Collection (ATCC) and cultured in RPMI-1640 medium (Hyclone; GE Healthcare) supplemented with 10% fetal bovine serum (FBS), 100 U/ml penicillin and 100 mg/ml streptomycin at 37°C under 5% CO~2~. Antibiotic-free Opti-MEM medium (Gibco; Thermo Fisher Scientific, Inc.) and Lipofectamine 2000 (Invitrogen; Thermo Fisher Scientific, Inc.) were used for the transfection of plasmids.

### Virus and infection

The influenza A/Jingfang/01/1986 (H1N1) and A/Lufang/09/1993 (H3N2) strains (wild-type) were obtained from the Chinese Center for Disease Control and Prevention and were propagated in the A549 cells. At the peak of cytopathogenic effect (CPE), viruses were harvested by fast freezing and slow thawing for three cycles. At low centrifugation force (5,500 × g) for 5 min, the supernatant was aliquoted and stored at −80°C. A549 cells were infected with H1N1 or H3N2 at a multiplicity of infection (MOI) of 0.5 and 24 h post-infection (h.p.i.), the cells were then cultured with baicalin (20 µg/ml). The copy number of virions were determined by qPCR methods (with the level of M2 gene detected). Virus titers of H1N1 or H3N2 in the supernatants and cells were determined by standard plaque assay ([@b31-mmr-20-06-5041]).

### miR-146a mimic and inhibitor

miR-146a mimic, NC mimic, miR-146a inhibitor and control inhibitor were purchased from Shanghai GenePharma Co., Ltd. A549 cells were transfected with NC mimic, miR-146a mimic or miR-146a inhibitor using Lipofectamine 2000 (Invitrogen; Thermo Fisher Scientific, Inc.) according to the manufacturer\'s instructions.

### Reverse transcription-quantitative (RT-q)PCR

To quantify the level of gene expression, total RNAs were extracted using TRIzol (Invitrogen; Thermo Fisher Scientific, Inc.) by following the manufacturer\'s instructions. cDNA was reversely transcribed from total RNA using SuperScript III Reverse Transcriptase (Invitrogen; Thermo Fisher Scientific, Inc.). qPCR was performed with PrimeScript RT reagent kit (Takara) on ABI 7900HT Fast Real-Time PCR System. Relative expression of target genes was quantitatively normalized against the expression of GAPDH using the ΔΔCq method ([@b32-mmr-20-06-5041]). The specific primer pairs were designed as follows: miR-146a forward, 5′-ACACTCCAGCTGGGTGAGAACTGAATTCCATG-3′ and miR-146a reverse, 5′TGTCGTGGAGTCGGCAATTC-3′; TRAF6 forward, 5′-GCTTGATGGCATTACGAGAAG-3′ and TRAF6 reverse, 5′-GCAGTATTTCATTGTCAACTGG-3′; small nuclear RNA U6 (U6) forward, 5′-CTCGCTTCGGCAGCACA-3′ and U6 reverse, 5′-AACGCTTCACGAATTTGCGT-3′; M2 forward, 5′-GACCGATCCTGTCACCTCTGAC-3′ and M2 reverse, 5′-AGGGCATTCTGGACAAAGCGTCTA-3′.

### Western blot analysis

Total protein was extracted using RIPA lysis buffer (Thermo Fisher Scientific, Inc.) containing a protease inhibitor cocktail tablets (Roche Diagnostics). The protein concentration was determined using the bicinchoninic acid method. Equal amounts of protein (30 µg) were separated on 10% SDS-PAGE gels and transferred to PVDF membranes, which were blocked with 5% nonfat milk at 37°C for 1 h and then incubated with primary antibodies overnight at 4°C. The following primary antibodies were used: β-actin (cat. no. SRP00661; 1:300; Tianjin Saier Biotechnology, Inc.), TRAF6 (cat. no. SRP06343; 1:800; Tianjin Saier Biotechnology, Inc.), the monoclonal antibody against the influenza A virus nucleoprotein (NP; cat no. ab20343; Abcam) and against the influenza A virus matrix protein 1 (anti-M1; cat. no. 22396; Abcam). The membranes were washed with PBST and incubated with horseradish peroxidase-conjugated goat anti-rabbit (cat. no. SRPGAR001; 1:2,000; Tianjin Saier Biotechnology, Inc.) or goat anti-mouse (cat. no. SRPGAM001; 1:2,000; Tianjin Saier Biotechnology, Inc.) for 2 h at 37°C, the immunocomplexes were visualized using a New Super ECL Detection kit (Nanjing KeyGen Biotech Co., Ltd.), according to the manufacturer\'s protocol.

### Luciferase assay

Luciferase activities of promoters were evaluated via Dual-Luciferase Reporter Assay System (Promega Corporation). A549 cells were transfected with 100 ng TRAF6 wild-type (WT) or TRAF6 mutant luciferase reporter vector (a mutant vector was constructed by replacing seven seed nucleotides GUCAAGA to GACGAGU), pRL-TK (Promega Corporation), and miR-146a mimic or mimic NC, miR-146a inhibitor or NC inhibitor. Total protein was prepared at time point 36 h post-transfection. An amount of 50 µl of each sample was used to determine luciferase activity. The pRL-TK plasmid (HSV-TK promoter sequence reference points: 7-759) was used as a normalizing control.

### ELISA

The levels of IFN-β (cat. no. 32100-1) and IFN-α (cat. no. 32400-1) in the supernatant were measured using an ELISA kit (both from PBL Biomedical Laboratories), according to the manufacturer\'s instructions. A549 cells were transfected with miR-146a inhibitor, inhibitor NC or miR-146a mimic and mimic NC. Cells were infected with H1N1 or H3N2 at an MOI of 0.5 at 24 h after transfection. The supernatant was collected 48 h post-infection to perform the ELISA.

### miRNA microarray and target prediction

miRNA expression profiles of A549 cells with or without baicalin treatment were determined by mammalian miRNA arrays (miRCURY™ Array Microarray kit) (v. 8.1; Exiqon), which were designed based on miRbase release 10.0 ([www.mirbase.org](www.mirbase.org)) and contained 546 probes from humans, mice and rats. The heat-maps were subsequently analyzed using Cluster 3.0 (<http://bonsai.hgc.jp/~mdehoon/software/cluster/software.htm>) and Java TreeView 3.0 (<http://jtreeview.sourceforge.net/>). TargetScan Release 6.0 (<http://www.targetscan.org/vert_60/>) was subsequently used to predict the targets of miR-146a.

### Animals

In total, 20 4--6 weeks old Female Balb/C mice (30--50 g) were obtained from the Shanghai SLAC Laboratory Animal Co., Ltd. All animals were housed in a light-controlled (12 h light/dark cycle) and temperature-controlled (24±2°C) room with free access to food and water. Prior to experimental manipulation, mice were allowed to undergo an acclimatization period of at least 1 week. All experimental protocols were approved by the Guide for the Care and Use of Laboratory Animals of the National Institutes of Health (IRB approval no. 15-000387). This study was approved by the Ethics Committee of China Academy of Chinese Medical Sciences (Permit no.: 2018-0233). Sodium pentobarbitone (50 mg/kg i.p.) was used in anesthesia during all surgeries, and all efforts were made to minimize the animal suffering. Euthanasia was performed by i.p. injection of a lethal dose (200 mg/kg) of sodium pentobarbital followed by cervical dislocation.

### Histopathologic evaluation of lung tissues

Mice were inoculated intranasally with the H1N1 virus. Lung samples were excised at 6 days post-infection, fixed with 10% formalin and micro-sectioned at 5 µm. Then, the samples were further embedded in paraffin and stained with hematoxylin and eosin. Finally, the images were acquired using a Nikon E100 microscope (magnification, ×200; Nikon Corporation).

### Bronchoalveolar lavage fluid (BALF) analysis

Mouse BALF was collected as described in a previous study ([@b33-mmr-20-06-5041]). Briefly, after the mice were sacrificed with a lethal dose of sodium pentobarbital (200 mg/kg body weight i.p.; Sigma-Aldrich; Merck KGaA) anesthesia followed by cervical dislocation, BALF was obtained via cannulating the upper part of the trachea, using 1.0 ml PBS (pH 7.2) lavage at least 3 times. The fluid recovery rate was higher than 90%. The lavaged sample was maintained on ice for each mouse. Then, the IFN-α and IFN-β secretion were detected by BALF analysis as described in a previous study ([@b5-mmr-20-06-5041]).

### Statistical analysis

All experiments were repeated at least three times. Data are represented as the mean ± standard error of the mean (SEM) for each group. Differences were analyzed with the Student\'s t-test between two groups or with one-way ANOVA followed by Tukey\'s multiple comparison tests between multiple groups. A P-value of less than 0.05 was considered statistically significant.

Results
=======

### Inhibitory effects of baicalin on the replication of influenza A/Jingfang/01/1986 (H1N1) and A/Lufang/09/1993 (H3N2) viruses

To investigate the anti-viral effect of baicalin against influenza A (H1N1 and H3N2), we analyzed the changes in viral copy number at different time points after infection of A549 cells by quantitative PCR. As shown in [Fig. 1A](#f1-mmr-20-06-5041){ref-type="fig"}, H1N1 copy number decreased in a dose-dependent manner upon baicalin treatment. The results also showed that baicalin exhibited a half-maximal effective concentration (EC~50~) at 17.04 µg/ml on A549 cells against H1N1. Similar results were observed for the viral titers in the supernatants from the infected cells. Upon baicalin treatment, the viral titer was significantly reduced at 24 h post-infection and further decreased at 48 and 72 h ([Fig. 1B](#f1-mmr-20-06-5041){ref-type="fig"}). Moreover, to validate the anti-H1N1 effect of baicalin, we applied western blot analysis to quantify the viral protein level in A549 cells, which is considered a direct method for estimating the IVA load in cells. M1 and NP proteins are structural proteins which encapsidate the negative strand viral RNA. Levels of M1 and NP proteins are commonly used to evaluate the level of viral replication. Viral NP and M1 protein levels were decreased after baicalin treatment ([Fig. 1C](#f1-mmr-20-06-5041){ref-type="fig"}). Consistently, similar results were obtained in experiments with influenza A virus H3N2 strain. Treatment with baicalin reduced H3N2 RNA transcript, viral titer and viral protein expression ([Fig. 1D-F](#f1-mmr-20-06-5041){ref-type="fig"}). These results indicate that baicalin inhibited influenza A replication in the A549 cells.

### miR-146a is downregulated in baicalin-treated cells during infection of H1N1 and H3N2

Previous reports have demonstrated that by inducing different miRNAs, baicalin regulates biological processes such as cell proliferation, differentiation and anti-inflammation ([@b28-mmr-20-06-5041]--[@b30-mmr-20-06-5041]). Meanwhile, dysregulation or dysfunction of miRNAs are reported in many viral infections including influenza A ([@b15-mmr-20-06-5041]). Therefore, we hypothesized that baicalin also manipulates miRNAs to exhibit its anti-IVA functions. To identify miRNAs that are involved in the anti-IVA effect of baicalin, a miRNA array was performed by using extracted RNA from H1N1- or H3N2-infected A549 cells treated with baicalin (20 µg/ml) or untreated. The differential expression of miRNAs following baicalin treatment is shown in [Fig. 2A](#f2-mmr-20-06-5041){ref-type="fig"}. A significant decrease in miR-146a (\~75%) was observed in the miRNA array. A recent study showed that miR-146a expression was upregulated during Dengue virus and vesicular stomatitis virus (VSV) infection and promoted virus replication by impairing type I IFN response ([@b34-mmr-20-06-5041]). However, the role of miR-146a in influenza virus A infection remains unclear. Therefore, we hypothesized that baicalin inhibits influenza A replication by restraining miR-146a. We next validated the expression of miR-146a with or without baicalin treatment in H1N1-infected A549 cells through a time-course assay. Our results showed that expression of miR-146a was significantly suppressed at 24 h post-infection and was further decreased to 25% at 72 h post-infection ([Fig. 2B](#f2-mmr-20-06-5041){ref-type="fig"}). Similar results were observed for H3N2 infection ([Fig. 2C](#f2-mmr-20-06-5041){ref-type="fig"}). Taken together, these results suggest that the expression of miR-146a was decreased after baicalin treatment during IVA infection and it may participate in the anti-IVA effect of baicalin.

### Ectopic expression of miR-146a suppresses the anti-IVA effects of baicalin

Furthermore, we examined whether the effect of baicalin on IVA infection is through the targeting of miR-146a. A549 cells were transfected with miR-146a mimic or mimic NC. Following H1N1 infection, baicalin treatment significantly suppressed the viral copy number in the non-transfection or mimic NC group. However, baicalin failed to reduce H1N1 copy number in the miR-146a overexpression group ([Fig. 3A](#f3-mmr-20-06-5041){ref-type="fig"}). Consistent results were observed for the viral titers in the supernatants. Upon baicalin treatment, H1N1 titers were greatly reduced in the mimic NC group while this effect was restrained by ectopic expression of miR-146a ([Fig. 3B](#f3-mmr-20-06-5041){ref-type="fig"}). Moreover, similar results were found in viral NP and M1 protein levels. As shown in [Fig. 3C](#f3-mmr-20-06-5041){ref-type="fig"} the expression levels of NP and M1 proteins of H1N1 were observably reduced by baicalin, but these levels were recovered in the miR-146a mimic group ([Fig. 3C](#f3-mmr-20-06-5041){ref-type="fig"}). Consistently, baicalin treatment reduced H3N2 RNA transcript, viral titer and viral protein expression while transfection of miR-146a mimic decreased these effects ([Fig. 3D-F](#f3-mmr-20-06-5041){ref-type="fig"}). Taken together, these findings indicate that overexpression of miR-146a cancels the inhibitory effect of baicalin against H1N1 and H3N2 infection.

### TRAF6 is directly targeted by miR-146a

To further illustrate the possible mechanism of baicalin and miR-146a in the regulation of IVA replication, it was necessary to identify the target genes of miR-146a. As no complementary sequences to miR-146a were found in H1N1 and H3N2 transcripts, miR-146a may directly target host cellular genes involved in the regulation of IVA infection. TargetScan Release 6.0 was subsequently applied for prediction of miR-146a cellular targets. There are a total of 283 genes which could be potential target genes of miR-146a, including immunoglobulin superfamily, member 1 (IGSF1) and interleukin-1 receptor-associated kinase 1 (IRAK1). TRAF6 and miR-146a have been reported to be involved in many viral infections, and thus TRAF6 was chosen for in-depth study. TRAF6, a pivotal adaptor in the IFN production signaling pathway, was found to have a putative miR-146a binding site within its 3′-UTR ([Fig. 4A](#f4-mmr-20-06-5041){ref-type="fig"}). To confirm whether miR-146a directly binds the TRAF6 3′-UTR, the predicted target site was cloned in TRAF6 into a firefly luciferase reporter vector. Meanwhile, a mutant vector was constructed to eliminate the possible recognition by replacing seven seed nucleotides (GUCAAGA to GACGAGU; [Fig. 4A](#f4-mmr-20-06-5041){ref-type="fig"}). In the presence of miR-146a mimic, the luciferase activity of TRAF6 3′-UTR resulted in intensive reduction compared to that of mimic NC, whereas blockage of endogenous miR-146a led to an \~3-fold increase in luciferase activity compared to that of inhibitory NC ([Fig. 4B](#f4-mmr-20-06-5041){ref-type="fig"}). However, all of these effects produced by miR-146a were abrogated in the cells transfected with the vector bearing the mutant TRAF6 3′-UTR ([Fig. 4B](#f4-mmr-20-06-5041){ref-type="fig"}). These observations confirmed that the 3′-UTR of TRAF6 is a direct target of miR-146a. To further validate this conclusion, the protein expression level of TRAF6 was examined in A549 cells transfected with the miR-146a mimic or inhibitor. As expected, the protein level of TRAF6 was decreased when miR-146a was overexpressed, while it was increased when the miR-373 inhibitor was applied ([Fig. 4C and D](#f4-mmr-20-06-5041){ref-type="fig"}). Additionally, we verified the protein level of TRAF6 in A549 cells during H1N1 and H3N2 infection. As shown in [Fig. 4E](#f4-mmr-20-06-5041){ref-type="fig"}, TRAF6 was upregulated by treatment of baicalin compared to that of the control group, while it was reduced to a comparable level to the control group when miR-146a was overexpressed. Together, our findings indicate that TRAF6 is a direct target of miR-146a in A549 cells during infection of H1N1 and H3N2.

### Baicalin positively regulates type-I IFN expression by suppressing miR-146a

Since TRAF6 is an important mediator for efficient induction of type I IFN, it was proposed that baicalin and miR-146a could regulate type I IFN production. Secreted levels of both IFN-α and IFN-β were significantly increased in the baicalin-treated A549 cells with transfection of mimic NC during infection of H1N1 ([Fig. 5A and B](#f5-mmr-20-06-5041){ref-type="fig"}) and H3N2 ([Fig. 5C and D](#f5-mmr-20-06-5041){ref-type="fig"}), when compared to that of their control groups, respectively. In contrast, type I IFN was intensively reduced in the baicalin-treated A549 cells with transfection of miR-146a mimic during infection of H1N1 ([Fig. 5A and B](#f5-mmr-20-06-5041){ref-type="fig"}) and H3N2 ([Fig. 5C and D](#f5-mmr-20-06-5041){ref-type="fig"}). These results revealed that baicalin exerts its anti-IVA effect by downregulating miR-146a to subsequently facilitate the type I IFN response.

### miR-146a antagomir suppresses the pathogenesis of H1N1 IVA infection in mice

To further explore the efficacy of baicalin and miR-146a on influenza virus A *in vivo*, we carried out further influenza virus challenge experiments in mice. As shown in [Fig. 6A](#f6-mmr-20-06-5041){ref-type="fig"}, the expression level of miR-146a in lung cells was significantly downregulated in the baicalin-treated mice during H1N1 infection. However, after treatment with agomir-146a, miR-146a expression was significantly increased in the H1N1-infected mice compared to that in the H1N1-infected mice treated with agomir-NC ([Fig. 6B](#f6-mmr-20-06-5041){ref-type="fig"}). Additionally, the group treated with baicalin had the highest survival rate against H1N1 infection, while the group treated with baicalin + agomir-146a had the worse survival rate when compared with the group treated with baicalin + agomir-NC ([Fig. 6C](#f6-mmr-20-06-5041){ref-type="fig"}). Moreover, as shown in [Fig. 6D](#f6-mmr-20-06-5041){ref-type="fig"}, it was found that the mice treated with baicalin with or without agomir-NC showed ameliorative lung pathology than the model, while the mice treated with baicalin + agomir-146a showed similar lung pathology with the control group. In addition, a significant decrease in virus copy number in lung tissues, and IFN-α and IFN-β secretions in bronchoalveolar lavage fluids (BALF) were noted in the mice treated with baicalin with or without agomir-NC, but not for the mice treated with baicalin + agomir-146a ([Fig. 6E-G](#f6-mmr-20-06-5041){ref-type="fig"}). Taken together, these results clearly demonstrated that baicalin protected the mice from H1N1 infection via suppression of miR-146a.

Discussion
==========

In the present study, it was demonstrated that baicalin inhibited replication of both H1N1 and H3N2 viruses in a dose-dependent manner. Notably, the expression of miR-146a was greatly decreased after treatment of baicalin in A549 cells infected by either H1N1 or H3N2, whereas the antiviral effect of baicalin was intensively reduced by miR-146a mimic, indicating that miR-146a may be a target of baicalin. Then, consistent with the bioinformatics prediction, TRAF6 was identified as a direct target of miR-146a during IVA infection by subsequent luciferase reporter assay and western blot analysis. Further data revealed that type I IFN response, which could be activated by TRAF6 ([@b35-mmr-20-06-5041]), was suppressed by the miR-146a mimic. In addition, *in vivo* experiments demonstrated a protective role for baicalin during H1N1 infection in mice via suppression of miR-146a. Taken together, these findings demonstrated that baicalin exerts its antiviral effects by targeting miR-146a to activate type I IFN response in host cells and in mice.

Recently, baicalin was shown to inhibit replication of several strains of influenza A virus ([@b25-mmr-20-06-5041],[@b36-mmr-20-06-5041],[@b37-mmr-20-06-5041]). It was also reported that baicalin can modulates miRNAs, one class of important modulators, in host-pathogen interactions, to participate in the complicated regulation of different cellular processes ([@b28-mmr-20-06-5041]--[@b30-mmr-20-06-5041]). However, the relationship between baicalin and miRNAs during IVA infection remains unclear. Our study firstly demonstrated that baicalin exerted its inhibitory effects by negatively regulating miR-146a to enhance the expression of TRAF6, and thus further activating the type I IFN response during infections of H1N1 and H3N2.

miR-146a belongs to the miR-146 family and is located on human chromosome 5. Previous studies have shown that miR-146a is involved in many cellular events related to growth, development, apoptosis, and tumor progression and viral infections ([@b38-mmr-20-06-5041]--[@b40-mmr-20-06-5041]). Dysregulation of miR-146a was observed during infection of different types of viruses, such as dengue virus ([@b41-mmr-20-06-5041]), Japanese encephalitis virus ([@b42-mmr-20-06-5041]), and hepatitis C virus ([@b43-mmr-20-06-5041]). As with influenza, it is reported that miR-146a was upregulated during influenza H3N2 virus infection and promoted H3N2 replication by targeting TRAF6 in human nasal epithelial cells (hNECs) ([@b44-mmr-20-06-5041]). However, the relationship between miR-146a and infections of other influenza virus strains remains unclear. In the present study, a similar function and mechanism of miR-146a was detected during infection of H1N1. Although further investigation is warranted for the other strains of IVA, it may be possible that miR-146a functions in a similar way as in H1N1 and H3N2. Moreover, as shown in our study, there are still 282 other genes which could also be potential target genes of miR-146a, including immunoglobulin superfamily, member 1 (IGSF1) and interleukin-1 receptor-associated kinase 1 (IRAK1). In the future, the roles/functions of other potential genes during IVA infection (for more details, <http://www.targetscan.org/cgi-bin/targetscan/vert_72/targetscan.cgi?species=Human&mir_sc=miR-146-5p>) will be explored.

In the present study, the inhibitory effects of baicalin against H1N1 and H3N2 were firstly revealed at the molecular level and defined as the suppression of miR-146a and further activation of TNF receptor-associated factor 6 (TRAF6) as well as the type I IFN response. Our findings provide new evidence for targeting miRNAs to prevent and treat viral infections, such as IVA infection. However, the mechanism responsible for the decrease in the level of miR-146a by baicalin remains unknown. In addition, the effective amount of baicalin and miR-146a in regards to anti-H1N1 and H3N2 infection must be further elucidated. Whether baicalin directly leads to the degradation of miR-146a or whether this depends on some mediator to decrease the expression of miR-146a needs to be explored in more detail in the future. Finally, the underlying mechanism of the inducement of miR-146a by infection of H1N1 and H3N2 is also an important issue to be elucidated in the future.
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![Baicalin inhibits influenza A replication. A549 cells were infected with H1N1 (A-C) or H3N2 (D-F) at an MOI of 0.5 respectively and then treated with the indicated concentrations of baicalin (mock, 5, 10, 20 and 50 µg/ml). (A and D) At 24 h post-infection, mRNA was harvested for IVA copy number through quantitative PCR. (B and E) Supernatants were collected for plaque assay; data shown in [Fig. 1B and E](#f1-mmr-20-06-5041){ref-type="fig"} are representative of three independent experiments (mean ± SD) \*P\<0.05, \*\*P\<0.01 vs. the 0 h. (C and F) Cell lysates were harvested for immunoblotting analysis. IVA, influenza virus A; PFU, plaque-forming unit; MOI, multiplicity of infection.](MMR-20-06-5041-g00){#f1-mmr-20-06-5041}

![miR-146a expression is downregulated after baicalin treatment during IVA infection. (A) Heat-map of the microRNA array. (B and C) Quantitative PCR data to compare miR-146a expression levels. A549 cells were treated with baicalin at the concentration of 20 µg/ml and infected with H1N1 (B) or H3N2 (C). Data shown are representative of three independent experiments (mean ± SD). \*\*P\<0.01 vs. the 0 h group.](MMR-20-06-5041-g01){#f2-mmr-20-06-5041}

![miR-146a mimics suppress the anti-IVA effects of baicalin on H1N1 and H3N2. A549 cells were treated with 20 µg/ml baicalin and transfected with blank or mimic NC or miR-146a mimics. Twenty-four h post-transfection, the cells were infected with H1N1 and H3N2 at an MOI of 0.5. (A and D) At 48 h post-infection, the copy number of virions of H1N1 (A) or H3N2 (D) was measured by quantitative PCR. \*P\<0.05, \*\*P\<0.01 vs. the control group; ^\#\#^P\<0.01 vs. the baicalin group. (B and E) Total viral yields of H1N1 (B) or H3N2 (E) were determined by standard plaque assays. \*\*P\<0.01 vs. the control group; ^\#\#^P\<0.01 vs. the baicalin group. (C and F) Protein expression of NP and M1 of H1N1 and H3N2 was determined by western blot analysis. IVA, influenza virus A; PFU, plaque-forming unit; MOI, multiplicity of infection.](MMR-20-06-5041-g02){#f3-mmr-20-06-5041}

![TRAF6 is directly targeted by miR-146a. (A) Schematic diagram of the predicted target sites of miR-146a in TRAF6 3′-UTRs. The predicted target sites are underlined and mutated as indicated. (B) A549 cells were co-transfected with TRAF6 wild-type (wt) or TRAF6 mutant (mut) luciferase reporter vector (100 ng), and miR-146a mimic or NC, miR-146a inhibitor or NC inhibitor for 36 h and then harvested for luciferase assay. \*\*P\<0.01; ^\#\#^P\<0.01 vs. the mimic NC group or inhibitor NC group. (C and D) A549 cells were transfected with miR-146a mimic or mimic NC (C), miR-146a inhibitor or inhibitor NC (D) for 36 h and harvested for western blot analysis of TRAF6 expression. (E) A549 cells infected by H1N1 or H3N2 were treated with baicalin and transfected with blank or miR-146a mimic for 36 h and harvested for western blot analysis of TRAF6 expression. TRAF6, TNF receptor-associated factor 6.](MMR-20-06-5041-g03){#f4-mmr-20-06-5041}

![Baicalin positively regulates type-I IFN expression. A549 cells were transfected with blank, miR-146a mimic or mimic NC and treated with 20 µg/ml baicalin and then infected with H1N1 or H3N2. Supernatants were harvested at 48 h post-infection. ELISA assay was performed to measure expression of IFN-α (A) and IFN-β (B) upon H1N1 infection and IFN-α (C) and IFN-β (D) upon H3N2 infection. Data shown are representative of three independent experiments (mean ± SD). \*\*P\<0.01; ^\#\#^P\<0.01 vs. the control group or baicalin group. IFN, interferon.](MMR-20-06-5041-g04){#f5-mmr-20-06-5041}

![Baicalin alleviates lung injury induced by H1N1 IVA in mice via downregulation of miR-146a. (A) miR-146a in lung cells was significantly downregulated in baicalin-treated mice during H1N1 infection. \*\*P\<0.01 vs. the control. (B) miR-146a in lung cells was significantly upregulated in the agomir-miR-146a-treated mice during H1N1 infection. \*\*P\<0.01 vs. agomir NC. (C) Survival rates of mice were determined for 2 weeks after H1N1 infection. (D) Hematoxylin and eosin (H&E) staining of lung tissues at 6 days post-infection. (E) Viral copy number in lung tissue from treated mice. (F) IFN-α cytokine levels in the bronchoalveolar lavage fluids at 6 days post-infection. (G) IFN-β cytokine levels in the bronchoalveolar lavage fluids at 6 days post-infection. \*P\<0.05, \*\*P\<0.01 vs. the control, ^\#\#^P\<0.01 vs. the baicalin group. IVA, influenza virus A; IFN, interferon.](MMR-20-06-5041-g05){#f6-mmr-20-06-5041}
